Introduction
============

Berberine (Brb, [Figure 1](#f1-ijn-11-1687){ref-type="fig"}) is a common isoquinoline quaternary alkaloid (also known as Natural Yellow 18) isolated from a variety of medicinal plants, including the Berberidaceae, Ranunculaceae, and Rutaceae families, many of which are used in traditional medicines.[@b1-ijn-11-1687]--[@b3-ijn-11-1687] This biologically important alkaloid skeleton of Brb has drawn extensive attention owing to its diverse pharmacological effects, including anti-inflammatory, antimicrobial, antipyretic, and antihyperlipidemic activities.[@b1-ijn-11-1687]--[@b5-ijn-11-1687] So far, Brb has been widely investigated as a potential therapeutic agent in a broad spectrum of clinical applications, such as hyperlipidemia, diabetes, metabolic syndrome, obesity, and mycotic infections.[@b6-ijn-11-1687]--[@b9-ijn-11-1687] Furthermore, in recent years, many accumulated preclinical reports have extensively established potent antitumor activities of Brb, namely, inhibition of proliferation, induction of apoptosis, arrest of angiogenesis, and suppression of metastasis.[@b1-ijn-11-1687],[@b6-ijn-11-1687],[@b9-ijn-11-1687],[@b10-ijn-11-1687] The significant impact of Brb on tumor progression and metastasis has been primarily linked to inhibition of NF-κB, MMP-1, -2, and -9, activation of AMP-activated protein kinase signaling, and reduction of ERK and COX-2 activities.[@b2-ijn-11-1687],[@b11-ijn-11-1687] Inhibition of cancer cell division and arrest of cell cycle at the G~0~/G~1~ or G~2~/M phases have been attributed to direct interaction of Brb with several molecular targets such as DNA, along with telomerase, topoisomerase I/II, p53, and COX-2 proteins.[@b2-ijn-11-1687],[@b9-ijn-11-1687] Evident proapoptotic activity of Brb, in various cancer cell lines, has been mostly mediated via direct mitochondrial depolarization, inducing cytosolic cytochrome C release and reactive oxygen species generation, plus modulation of Bcl-2 and Bcl-xL expression, activation of caspases, as well as induction of PARP-1 cleavage.[@b2-ijn-11-1687],[@b3-ijn-11-1687],[@b10-ijn-11-1687] In a dose-dependent manner, Brb has shown induction of autophagy and apoptosis, as non-mutually exclusive events, signaling cell death activation.[@b3-ijn-11-1687],[@b9-ijn-11-1687] A canonical autophagic cell death is likely driven by Brb through inhibition of mTOR signaling pathway, mediated by both MAPK activation and AKt inhibition.[@b2-ijn-11-1687],[@b3-ijn-11-1687],[@b9-ijn-11-1687] Interestingly, the hypoglycemic and antihyperlipidimic effects of Brb appear to be interconnected with adipocyte involvement in breast cancer tumorigenesis and tumor microenvironment.[@b3-ijn-11-1687],[@b5-ijn-11-1687] By inhibiting the adipogenesis-positive regulator, PPARγ, and upregulating PPARα, Brb has been shown to suppress adipogenesis, potentially limiting cancer cell invasion, and decreasing metastatic breast cancer risk.[@b2-ijn-11-1687],[@b9-ijn-11-1687]

The widespread occurrence of Brb in various common plant species, combined with its low toxicity, further promotes its clinical prospects to become an effective antitumor drug in the foreseeable future.[@b3-ijn-11-1687],[@b9-ijn-11-1687] However, further medical applications of Brb have encountered a few obstacles in pharmaceutical development.[@b1-ijn-11-1687],[@b12-ijn-11-1687] Preclinical studies have shown that Brb has a very limited oral bioavailability (BA) (\<5% in plasma), largely due to its poor aqueous solubility,[@b13-ijn-11-1687] combined with low gastrointestinal absorption, and rapid metabolism.[@b1-ijn-11-1687],[@b12-ijn-11-1687] Being an excellent substrate for P-glycoprotein (Pgp) efflux pumps, intestinal Pgp transporters would account for almost 50%--90% of Brb excretion back into luminal side.[@b1-ijn-11-1687],[@b6-ijn-11-1687],[@b12-ijn-11-1687],[@b14-ijn-11-1687],[@b15-ijn-11-1687] Furthermore, it has been well reported that the extremely poor absolute oral BA of Brb noted in rats (0.36%--0.68%) can be additionally attributed to high hepatic extraction and rather dominant distribution of Brb in the liver.[@b1-ijn-11-1687],[@b6-ijn-11-1687],[@b8-ijn-11-1687],[@b16-ijn-11-1687]--[@b18-ijn-11-1687] The systemic administration difficulty with such extensive first-pass metabolism is even more complicated because of the fact that Brb is a very slightly soluble compound, and thus would be classified as a class IV drug.[@b1-ijn-11-1687],[@b12-ijn-11-1687],[@b16-ijn-11-1687]--[@b18-ijn-11-1687] Although intravenous (IV) administration of Brb (5 mg/kg) would certainly avoid the intestinal elimination barrier, the main clinical issue of its very short plasma half-life (0.5 hours ≤ *t*~1/2~\<1 hours) remains.[@b4-ijn-11-1687],[@b16-ijn-11-1687],[@b19-ijn-11-1687] Parenteral Brb has also been associated with muscle protein atrophy in mice by stimulating breakdown and inhibiting synthesis.[@b4-ijn-11-1687],[@b20-ijn-11-1687],[@b21-ijn-11-1687] Other adverse reactions of Brb include gastrointestinal side effects and serious drug interactions, which can be attributed to its high plasma protein binding, hepatic metabolism inhibition, and systemic distribution throughout the body.[@b2-ijn-11-1687]--[@b4-ijn-11-1687],[@b9-ijn-11-1687],[@b12-ijn-11-1687],[@b18-ijn-11-1687],[@b21-ijn-11-1687]

Recently, several nanoparticulate delivery systems for Brb have been reported, attempting to address the major pharmaceutical concerns associated with its systemic administration, with lipid-based nanocarriers being the most investigated.[@b1-ijn-11-1687],[@b6-ijn-11-1687]--[@b8-ijn-11-1687],[@b12-ijn-11-1687],[@b16-ijn-11-1687] Currently, lipopolymeric micelles are popular pharmaceutical delivery vehicles for poorly water-soluble active compounds, such as Brb, which can be solubilized within the hydrophobic core of a micelle. Micelles prepared from conjugates of polyethylene glycol (PEG) and diacyllipids, such as phosphatidylethanolamine (PE) -- ie, PEG--PE conjugates -- have demonstrated several pharmaceutical advantages such as small size (10--100 nm), good solubilization efficacy, low toxicity, controlled drug release, and extremely high stability due to very low critical micelles concentration (CMC) (typically in the micromolar range).[@b22-ijn-11-1687]--[@b24-ijn-11-1687] In vivo, owing to their extended plasma circulation half-life (typically \>36 hours in mice), the small size of PEG-PE micelles allows also for their effective accumulation in tumorous tissues with leaky vasculature, via the enhanced permeability and retention effect.[@b23-ijn-11-1687]--[@b25-ijn-11-1687]

Here, mixed micelle (mMic) formulation of Brb is investigated in order to enhance the solubilization efficacy of PEG-PE micellar carriers, by including [d]{.smallcaps}-α-tocopheryl polyethylene glycol 1000 succinate (TPGS) as an additional component -- a PEGylated derivative of natural Vitamin E (VE), (α-tocopherol) commonly utilized as a pharmaceutical solubilizer, absorption enhancer, and a vehicle for lipidic drug formulations ([Figure 1](#f1-ijn-11-1687){ref-type="fig"}).[@b25-ijn-11-1687]--[@b29-ijn-11-1687] Such a mixed micellar system would not only improve Brb solubilization capacity, owing to increased core volume of mMics, created by the planar chromane moiety of VE, but would also provide better protection for the active isoquinolone structure of Brb ([Figure 1](#f1-ijn-11-1687){ref-type="fig"}), effectively enhancing both Brb encapsulation and stability.[@b30-ijn-11-1687] Based on recent reports, TPGS has shown notable proapoptotic activity as well as a strong ability to overcome drug resistance by inhibiting Pgp efflux pumps.[@b31-ijn-11-1687],[@b32-ijn-11-1687] In fact, TPGS-incorporating mMic systems have been successfully used to sensitize multidrug-resistant tumors to chemotherapy drugs, including doxorubicin, paclitaxel, gemcitabine, and vinblastine.[@b22-ijn-11-1687],[@b26-ijn-11-1687],[@b33-ijn-11-1687],[@b34-ijn-11-1687]

The main objectives of our study are to develop mMics made of TPGS and PEG-PE as efficient Brb nanocarriers, allowing for superior drug encapsulation and delivery. Consequently, the potential enhancement in anticancer efficacy of such combined Brb-micelle formulation is also investigated.

Materials and methods
=====================

Materials and cell lines
------------------------

1,2-Distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-\[methoxy(polyethyleneglycol)-2000\] (mPEG~2000~-DSPE, or PEG-PE) was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA) and used without further purification. Berberine hydrochloride (Brb HCl) was purchased from Sigma-Aldrich (St Louis, MO, USA). Seziol^®^ TPGS-Pharma (NF-grade Vitamin E polyethyleneglycol succinate, TPGS) was received as a gift from Cognis (Cincinnati, OH, USA). All other reagents and components of buffer solutions were analytical grade preparations. Trypsin/ethylenediamine tetraacetic acid, penicillin/streptomycin, and fetal bovine serum (FBS) were obtained from Thermo Fisher Scientific (Waltham, MA, USA), while CellTiter Fluor^®^ cell viability assay kit and Apo-One™ homogenous caspase 3/7 assay kit were purchased from Promega Corporation (Fitchburg, WI, USA). Both eight-chamber polystyrene tissue culture-treated glass slides and Black 96-well tissue culture plates were purchased from BD Biosciences (San Jose, CA, USA). PC3, LNCaP, and Caco2 cells were purchased from American Type Culture Collection (Manassas, VA, USA). Milli-Q (MQ) water was utilized for all preparations. Since none of the studies involved people, patient medical records or tissues, the work included in this study did not require any approvals from Midwestern's University Institutional Review Board.

Methods
-------

### Preparation of Brb-loaded PEG-PE/TPGS-mMics

A fixed molar ratio (1:3) mixture of vitamin E TPGS and PEG~2000~-DSPE were stirred with Brb HCl previously dissolved in warmed ethanol (200 proof) at 2 mg/mL concentration, followed by solvent evaporation; then, HEPES buffered saline (HBS) solution, pH 7.4, was added to the formed lipid film, leading to formation of a clear Mic solution after 10 minutes of vortexing at 800 rpm. The resulting Mic dispersions were filtered twice with a 0.22-μm pore size polycarbonate membrane filter to initially remove any nonincorporated Brb and to sterilize Mic formulations, and then the filtrates were stored in vials under argon until further use.[@b27-ijn-11-1687],[@b35-ijn-11-1687] Alternatively, filtered Mic samples can be freeze-dried by storing aliquots of the filtrates in 5 mL glass vials, following freezing in liquid nitrogen and vacuum-drying (VirTis 2KP Lyophilyzer, SP Scientific, Stone Ridge, NY, USA, *P*\<128×10^−3^ mbar, condenser temperature ≤−50°C). Following lyophilization, samples were sealed under argon and stored at 4°C until use. [Table 1](#t1-ijn-11-1687){ref-type="table"} lists some of the properties of the produced Mic formulations.[@b22-ijn-11-1687],[@b34-ijn-11-1687]

Physicochemical characterization of micelles
--------------------------------------------

### Particle size analysis

The Mic formulations were diluted with deionized distilled water before analysis, and the numbered average particle hydrodynamic diameter and the polydispersity index (PDI) were determined using dynamic light scattering technique, using a Malvern Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK).[@b27-ijn-11-1687],[@b35-ijn-11-1687],[@b36-ijn-11-1687]

### Zeta potential (ζ) measurements

All formulation samples were diluted with deionized distilled water, pH 6.8, and placed in the electrophoretic cell of the Malvern Zetasizer Nano-ZS (Nano-ZS, Malvern Instruments), and the average surface charge was determined.[@b27-ijn-11-1687],[@b35-ijn-11-1687],[@b36-ijn-11-1687]

### Encapsulation efficiency determination

The amount of Mic-encapsulated drug, Brb, was determined using a modified reversed-phase high-performance liquid chromatography (HPLC) method (immediately and then after 60 days of cold storage at 4°C--8°C, D~60~). Briefly, clear aqueous Mic dispersion was dissolved in methanol, and then after dilution in the mobile phase, a sample volume of 20 μL was injected through ACE PFP C-18 column (4.6×250 mm, 4 μm packing vol). The mixture of acetonitrile and 0.05 mol/L NaH~2~PO~4~ (final pH 2.5, adjusted by phosphoric acid), in the ratio of 30:70 v/v, was utilized as the mobile phase, after filtration and degassing. The flow rate was 1.0 mL/min, and UV detection was performed at λ~max~ =346 nm, while the column temperature was maintained at 27°C±1°C. The retention time of Brb was \~7 minutes, and the encapsulation efficiency (EE%) of Brb in the Mic samples was calculated based on standard curves constructed in the range of 4--200 μg/mL (*r*^2^=0.998, n=3), which were validated for linearity, precision, and accuracy.[@b7-ijn-11-1687],[@b8-ijn-11-1687],[@b16-ijn-11-1687]

### Physical stability of Brb-micelles

The Brb-loaded PEG-PE micelles, TPGS-mixed or pure, were monitored over 2 months of storage in refrigerated conditions (4°C--8°C) for time-dependent changes in the physical characteristics (drug precipitation, change in micelle size, and surface charge post-60 days, D~60~) of the formulations. The chemical stability of Brb in micelles was evaluated by HPLC as described earlier.[@b37-ijn-11-1687]

### CMC determination

The CMC of both PEG-PE micelle types, TPGS-mixed or pure, was estimated via the pyrene method, as reported earlier.[@b22-ijn-11-1687] Briefly, exactly 10^−4^--10^−7^ M of micellar solution of PEG~2000~-DSPE, TPGS, and 1:3 molar mix of TPGS/PEG~2000~-DSPE in HBS were added to tubes containing 1 mg of pyrene crystals. The mixtures were incubated at room temperature (RT), for 24 hours, with continuous shaking at 200 rpm. Free pyrene was removed by filtration through 0.22 μm pore size polycarbonate membrane filters, and the fluorescence of filtrated samples (λ excitation/emission: 390 nm/505 nm) was measured using Synergy 2 Biotek fluorescence plate reader (BioTek Instruments Co., Winooski, VT, USA). CMC values corresponding to the concentration of the polymer at which a sharp increase in fluorescence is observed.[@b22-ijn-11-1687],[@b28-ijn-11-1687]

In vitro release of Brb from micelles at "sink" conditions and modeled physiological media
------------------------------------------------------------------------------------------

To study the time-dependent release of Brb -- from both mixed PEG--PE/TPGS and "pure" PEG-PE micelles -- the dialysis bag method was employed. Drug-loaded micelles (0.3 mL of \~2 mM of Brb) were placed in Spectra/Por^®^ dialysis cellulose ester membranes (MWCO =25 or 100 kDa, Spectrum Laboratories Inc., Rancho Dominguez, CA, USA), after soaking overnight in respective release media. Closed dialysis bags were submerged in 200 mL of test external release media, for up to 48 hours of incubation with continuous stirring at 200 rpm speed, as follows: phosphate-buffered saline solution (PBS, pH 7.4), while maintaining pseudo-sink conditions in a limited volume; fasting state simulated gastric fluid (SGF), pH 1.6; fasting state simulated intestinal fluid (SIF) with 5 mM of bile salts, pH 6.5; and finally FBS albumin (pH 7.4), to test the stability in blood serum. At specific time intervals, 0.5 mL samples of each release medium were withdrawn and replaced with an equal volume of fresh medium, and then samples were filtered through 0.22 μm syringe membrane filters. The Brb content in samples was finally determined by HPLC, as described earlier.[@b22-ijn-11-1687],[@b27-ijn-11-1687],[@b35-ijn-11-1687],[@b37-ijn-11-1687]

Simulation of clinical in vivo profile of Brb-mMic formulation
--------------------------------------------------------------

To study the applicability of the Brb-mMic formulation, both its oral and intravenous administration were simulated (A4S Simulator version 2.0, Accelera S.r.l., Nerviano, Italy) using an open, single-compartment model.[@b38-ijn-11-1687],[@b39-ijn-11-1687] In case of oral administration scenario, a single human dose of 300 mg was considered for free Brb solution, given as bolus ingestion (first-order absorption and elimination, *K*~a~ =0.81 h^−1^, *K*~e~ =0.24 h^−1^, respectively) with a volume of distribution (*V*~d~) of 66.5 L and plasma half-life (*t*~1/2α~) of 0.87 hours.[@b40-ijn-11-1687] For comparison purposes, the simulation of oral doses of 300 and 100 mg for Brb-mMic were also fit using the same equation of compartmental analysis, considering the same exact oral PK model parameters, except only for an improved oral BA, BA (*F*=0.05 in case of free Brb, while *F*=0.15 for Brb-mMic). Similarly, an IV infusion administration scenario was simulated using an open, two-compartment model with extensive distribution, where a single canine dose of 100 mg was considered for free Brb solution, given as bolus IV infusion (zero-order absorption and first-order elimination, *K*~e~ =4.62 h^−1^, and a volume of distribution \[*V*~d~\] of 699.54 L).[@b4-ijn-11-1687],[@b8-ijn-11-1687],[@b17-ijn-11-1687] For comparison purposes, the simulation of IV bolus doses of 100 and 25 mg for Brb-mMic were also fit using the same equation of compartmental analysis, considering the same exact IV bolus model PK parameters (*K*~12~=0.055 h^−1^, *K*~21~=0.9 h^−1^, except *t*~1/2~=6 hours for Brb-mMic in comparison to *t*~1/2~=0.15 hours for free Brb).[@b4-ijn-11-1687],[@b8-ijn-11-1687],[@b17-ijn-11-1687],[@b19-ijn-11-1687],[@b39-ijn-11-1687]

In vitro hemolysis assay
------------------------

Hemolysis studies were carried out for empty mMic, along with different Brb-containing samples, according to previous report.[@b30-ijn-11-1687] The release of hemoglobin from the erythrocytes was used for toxicity measurements of these carriers. Briefly, defibrinated rabbit blood (Thermo Fisher Scientific) was diluted ten times with PBS and centrifuged at 2,000 rpm for 15 minutes. The supernatant was decanted, and the precipitate was rinsed three times with PBS, followed by centrifugation at 2,000 rpm for 15 minutes. The concentration of the resulting blood cells was adjusted to 2% (v/v). At a physiologically relevant dilution scenario of IV bolus administration (10 μg/mL of Brb-equivalent concentration), 50 μL of test samples were mixed with 500 μL of blood cells, and the resulting suspensions were incubated at 37°C for 3 hours. The samples were then centrifuged at 2,000 rpm for 15 minutes. The absorbance of the supernatant was measured at 540 nm to determine the amount of hemoglobin release. Zero hemolysis and 100% hemolysis consisted of red blood cells suspended in physiological saline (−ve ctrl) and distilled water (+ve ctrl), respectively.

The percentage of hemolysis was determined using the following equation: $$\text{Hemolysis}\ (\%) = \frac{(A_{\text{ts}} - A_{0})}{(A_{100} - A_{0})} \times 100,$$where *A*~ts~ is the absorbance of the test sample, *A*~100~ is the absorbance of completely lysed red blood cells in distilled water, and *A*~0~ is the absorbance of zero hemolysis.[@b30-ijn-11-1687]

In vitro cell culture and formation of spheroids
------------------------------------------------

PC3, LNCaP, and Caco2 cells were grown in ATCC-formulated F-12K, RPMI-1640, and Eagle's Minimum Essential Medium culture media, respectively, containing 10%--20% FBS and penicillin (100 U/mL)/streptomycin (100 μg/mL) in a humidified environment of 37°C, 5% CO~2~. Spheroids of 400--500 μm diameter were formed from 20,000 cells in 96-well microplates, as described earlier, where Dulbecco's Modified Eagle's Medium/F12 with 1.5% agarose was used -- instead of poly (2-hydroxyethyl) methacrylate -- to prevent cell adhesion, followed by microplate centrifugation for 20 minutes at 900 rpm. Spheroid formation was monitored using a Nikon Eclipse 800 epifluorescent upright microscope, equipped with Kodak RT slider camera (Nikon Corporation, Tokyo, Japan) at 10× magnification.[@b41-ijn-11-1687],[@b42-ijn-11-1687]

Accumulation and Pgp inhibition in Caco2 cells
----------------------------------------------

The intracellular accumulation and Pgp efflux inhibition were studied using Caco2 cells monolayers, grown in 24-well tissue culture plates, as previously described.[@b22-ijn-11-1687] When the cells reached 70% confluence, they were washed twice with Hank's balanced buffer (HBSS), and then exposed to 20 μM of Brb, either encapsulated in our PEG-PE/TPGS-mMic or freely dissolved in HBS (alone or simply admixed with empty mMic), with or without 100 μM of verapamil hydrochloride. After 2 hours of incubation at 37°C, 5% CO~2~, cells were washed twice with HBSS, pH 7.4, and further incubated with or without 100 μM of verapamil hydrochloride for 1 hour, at 37°C, 5% CO~2~. Following this, cells were washed twice with sterile PBS, then lysed with 100 μL of dimethyl sulfoxide (DMSO), and finally diluted to 1 mL with PBS. The fluorescence of Brb-samples was measured (λ excitation/emission: 465 nm/520 nm) using Synergy 2 Biotek fluorescence plate reader (Biotek instruments Co.).[@b22-ijn-11-1687],[@b27-ijn-11-1687]

Microscopic and spectroscopic evaluation of cellular uptake
-----------------------------------------------------------

The enhanced tumor-cell association of Brb-loaded mMic was demonstrated using fluorescence microscopy.[@b22-ijn-11-1687],[@b27-ijn-11-1687] After an initial passage in tissue culture flasks, \~2×10^5^ of PC3 cells/well were grown in in an eight-chamber tissue culture glass slide system (BD Biosciences). After reaching 70% confluence, the plates were washed with HBSS, pH 7.4, and then treated with complete F12K medium (300 μL/well) and incubated for 2 hours at 37°C, 5% CO~2~. Different fluorescent Brb formulations -- free/unencapsulated drug and Brb-loaded mMic -- were added and incubated for 4 hours at 37°C, in 5% CO~2~. After incubation, cells were washed with HBSS, pH 7.4, and then immediately fixed and mounted on glass slides using the fluoromount G-DAPI mounting medium. Finally, slides were viewed with a Nikon Eclipse 800 epifluorescent upright microscope equipped with Kodak RT slider camera (Nikon Corporation), under bright light or epifluorescence with fluorescein/FITC filter (λ excitation/emission: 460 nm/510 nm) and DAPI filter (excitation/emission: 330 nm/435 nm) at 40× magnification. Composite FL-images were created by overlapping the images from the individual FL-channels.[@b35-ijn-11-1687],[@b36-ijn-11-1687]

Quantitatively, semiconfluent LNCaP cells, grown in 12-well tissue culture plates, were exposed to 20 μM of Brb, either encapsulated in our PEG-PE/TPGS-mMic or freely dissolved in HBS (alone or simply admixed with empty mMic), for 4 hours at 37°C, in 5% CO~2~. After incubation, cells were washed twice with sterile HBSS, with centrifugation for 5 minutes at 900 rpm and lysed with 100 μL of DMSO and then diluted to 1 mL with HBSS. The fluorescence of Brb-samples was measured (λ excitation/emission: 465 nm/520 nm) using Synergy 2 Biotek fluorescence plate reader (BioTek Instruments Co.).[@b22-ijn-11-1687],[@b27-ijn-11-1687],[@b35-ijn-11-1687],[@b36-ijn-11-1687]

Cytotoxicity assays
-------------------

PC3 and LNCaP cells were seeded at 10×10^3^ cells/well in 96-well microplates in five replicates for 24 hours. Then, respective complete culture media were exchanged for serum-free media containing several twofold serial dilutions of unencapsulated Brb as positive drug control treatments (either alone or simply admixed with empty mMic), and drug-equivalent concentrations of Brb-loaded mMic formulation plus blank mMic vehicle control, all compared with plain serum-free media, serving as negative control. Following 48 hours of coincubation at 37°C in 5% CO~2~, the total cell viability was determined using CellTiter Fluor^®^ cell viability assay Kit (Promega Corporation), after washing twice with HBSS and reading sample plate fluorescence (λ excitation/emission: 390 nm/505 nm), using Synergy 2 Biotek fluorescence plate reader (BioTek Instruments Co.), according to manufacturer's instructions.[@b22-ijn-11-1687],[@b27-ijn-11-1687],[@b29-ijn-11-1687],[@b36-ijn-11-1687]

Apoptosis assays
----------------

Approximately 1.5×10^6^ cells -- used from each of PC3 or LNCaP human prostate carcinomas -- were grown overnight to attach into 25 cm^2^ flasks. Cells were incubated for 24 hours with Brb-loaded mMic and blank mMic vehicle control, along with unencapsulated drug controls (either free Brb solution or simple mix of: Brb solution + empty mMic), at concentration equivalent to 20 μM of drug. In addition, CCCP was added to induce apoptosis as positive control for the same period and incubation conditions. Cells were then washed, trypsinized, collected, and normalized by their protein content, determined as per standard BCA protein assay kit protocol (Thermo Fisher Scientific). Afterward, 100 μL of the Apo-ONE™ Homogenous caspase 3/7 assay (Promega Corporation) substrate solution was added to each well containing 100 μL of sample media, and after 30 seconds of mixing, the plate contents were incubated for 3 hours. Finally, the sample plate fluorescence values were measured (λ excitation/emission: 480 nm/530 nm) using Synergy 2 Biotek fluorescence plate reader (BioTek Instruments Co.), according to manufacturer's instructions. The caspase-3/7 activity was reported as percent (%) activation relative to untreated control.[@b29-ijn-11-1687],[@b36-ijn-11-1687]

Data analysis
-------------

A minimum of triplicates were run for each experiment, unless indicated differently. Data were reported as mean ± standard error (SE), unless noted otherwise. Comparisons between two groups were made using Student's *t*-test, and for more than two groups, Kruskal--Wallis test with Tukey's post hoc analysis was used to compare results. *P*\<0.05 was considered statistically significant. All statistical analyses were performed using Sigma Plot^®^ software, version 11.0 (Systat Software Inc., San Jose, CA, USA).[@b22-ijn-11-1687],[@b27-ijn-11-1687],[@b28-ijn-11-1687],[@b36-ijn-11-1687]

Results and discussion
======================

With its great potential in cancer therapy, exhibited via marked blockade of cell progression, induction of autophagy and apoptosis, plus antiangiogenic and metastasis suppression activities, Brb not only augments the efficacy of antineoplastic chemotherapy and radiotherapy, but it also unveils substantial prospects for cancer treatment, in a variety of solid and hematological tumors. Hence, TPGS-containing mMics were investigated as Brb delivery vehicles to improve the systemic administration and BA of this drug and also to enhance its specific antiproliferative and proapoptotic efficacies against tumor cells.

Brb-micelle incorporation and physicochemical stability
-------------------------------------------------------

Earlier, we first reported mMic-based preparation of camptocethin in PEG-PE/[d]{.smallcaps}-α-tocopheryl polyethylene glycol 1000 succinate (TPGS) micelles.[@b27-ijn-11-1687] Here, for optimal encapsulation of our Brb HCl drug, a new combination of the micelle-forming components was adopted to develop stable nanosized mMic from the mixture of PEG-PE and vitamin E-PEG ester, TPGS ([Figure 1](#f1-ijn-11-1687){ref-type="fig"}). It is well established that within micelles in aqueous systems, nonpolar molecules will be solubilized within the hydrophobic core, while polar molecules will be adsorbed on the micelle surface. Substances with intermediate polarity -- such as our active alkaloid, Brb HCl -- are typically distributed mostly surrounding the core and along the surfactant molecules in certain intermediate positions within the micelle's corona.[@b27-ijn-11-1687],[@b28-ijn-11-1687],[@b32-ijn-11-1687] The addition of the PEGylated vitamin E, TPGS, was thus intended to enhance the Brb drug loading due to the hydrophobic fragment in its molecules. This should increase both the core and corona volumes and the overall micellar capacity ([Figure 1](#f1-ijn-11-1687){ref-type="fig"}). Hence, its ability to encapsulate and solubilize Brb molecules within such mMic structure would proportionally improve, especially in comparison to smaller and more packed micelles made solely of PEG conjugates of saturated DSPE phospholipids.[@b22-ijn-11-1687],[@b26-ijn-11-1687],[@b27-ijn-11-1687],[@b32-ijn-11-1687],[@b36-ijn-11-1687]

At 15 mM concentration of mMic components (PEG~2000~-DSPE: VE TPGS molar ratio 3:1) and with \~5 wt% of Brb HCl added to the mixture, the mMic formulations were produced, containing 1.92±0.15 mg of Brb per 1 mL of micelle formulation ([Table 1](#t1-ijn-11-1687){ref-type="table"}). Therefore, this mMic system attained \~300% increase in Brb solubilization, in comparison to free drug in aqueous solution. Indeed, the Brb-loading capacity of such an mMic platform (\~4.3% w/w) also represents \>150% increase in drug incorporation capacity of single-component micelles (almost 2.7% w/w) -- made solely of PEG-PE, similar to earlier mMic reports.[@b22-ijn-11-1687],[@b27-ijn-11-1687],[@b34-ijn-11-1687] Furthermore, the dilution of the micelle sample influenced only the amplitude of the HPLC peak, without affecting its position or shape, confirming the high stability of the mMic. At the quantities used, Brb loading did not substantially influence the uniform mMic small size ([Figure 2](#f2-ijn-11-1687){ref-type="fig"}), indicating that most of the drug molecules were located in or close to nonpolar core space of the micelles, showing minimal impact on the whole particle size (*z*-average =24.1±1.8 nm) and charge (average ζ-potential =−23.5±0.9 mV) ([Table 1](#t1-ijn-11-1687){ref-type="table"}) ([Figure 2](#f2-ijn-11-1687){ref-type="fig"}). Both drug-free and Brb-loaded mMic formulations did not show any marked changes in their mean particle size over 2 months at either RT or at 4°C ([Table 1](#t1-ijn-11-1687){ref-type="table"}), which suggests the high stability of Brb-loaded PEG-PE/TPGS micelles.[@b22-ijn-11-1687],[@b27-ijn-11-1687]

Simulated in vitro release, PKs, Pgp inhibition in colonic cells, and hemocompatibility
---------------------------------------------------------------------------------------

The markedly higher and faster in vitro release profiles of Brb from PEG-PE-only micelles (PEGMic) provide further evidence relative to Brb-loaded mMic ([Figure 3](#f3-ijn-11-1687){ref-type="fig"}). It appears that our mixed PEG-PE/TPGS micelle system (mMic) retains the drug even better than "pure" PEG-PE micelles, indicating that the presence of TPGS moieties facilitates not only improved Brb incorporation into micelles but also the stability of its entrapment, within more spacious micellar carriers. This can be explained by possible additional hydrophobic interactions of Brb alkaloid molecules with the aromatic chromane structure in nonpolar region of TPGS.[@b22-ijn-11-1687],[@b27-ijn-11-1687],[@b28-ijn-11-1687],[@b32-ijn-11-1687] The Brb release from our PEG-PE/TPGS micelles, presented in [Figure 3](#f3-ijn-11-1687){ref-type="fig"}, generally shows an initial burst of \~20% of drug within the first 4 hours, followed by a slow-release phase over the remaining 24- or 48-hour-periods, irrespective of the pH or composition of the test release media. This overall in vitro release behavior of Brb from mMic reflects the drug incorporation stability and can be explained through the localization of Brb within the micelles. The initial burst that happened within the first few hours of incubation can be attributed to the relatively small quantity of the drug associated within the mMic corona, closer to the micelle--water interface, which can proceed via both the hydration of the interfacial drug molecules and their passive diffusion.[@b22-ijn-11-1687],[@b27-ijn-11-1687],[@b36-ijn-11-1687] The drug incorporated at the inner core compartment remains firmly inside the mMic, showing the slowest release profile, even at aqueous buffered conditions with low pH values.[@b22-ijn-11-1687],[@b36-ijn-11-1687] The incorporated Brb remains mostly associated with the micelles, even after 48 hours of incubation at 37°C ([Figure 3A](#f3-ijn-11-1687){ref-type="fig"}). On the other hand, the amount of Brb released from both micelle types (PEGMic and mMic) was somewhat high (61% and 48%, respectively), after only 24 hours in the presence of blood serum (FBS, pH 7.4) as a release medium ([Figure 3B](#f3-ijn-11-1687){ref-type="fig"}). This relatively faster in vitro release behavior illustrated the potential impact of plasma proteins on Brb-loaded micelles (almost equally on PEGMic and mMic), along with predicted superior stability of the mMic nanocarrier, following systemic IV administration (after 12 hours, \~38% of Brb was released from PEGMic vs 23% from mMic). As to the oral route, the SGF- and SIF-mediated release profiles ([Figure 3](#f3-ijn-11-1687){ref-type="fig"}, panels C and D) appeared quite similar to each other (Brb-loaded PEGMic released drug much faster than Brb-loaded mMic, over the 24-hour test period), with fairly greater Brb release from micellar vehicles in the presence of bile salts and duodenal pH value 6.5, as expected.[@b22-ijn-11-1687]

The CMC value of any micelle-forming formulation influences both its in vitro and in vivo stabilities, and the low CMC values of PEG-PE underlie the high stability of PEG-PE micelles in solutions upon dilution.[@b28-ijn-11-1687],[@b43-ijn-11-1687] The determined CMC value of our prototype mMic carriers (composed of PEG~2000~-DSPE and TPGS in 3:1 molar ratio) was also found to be low, \~2.2×10^−5^ M. (The CMC for the Vitamin E-free plain PEG~2000~-DSPE is determined as 1.1×10^−5^ M.)[@b22-ijn-11-1687],[@b27-ijn-11-1687] Such low CMC values of our mMic system promise sufficient stability of and ability to maintain structural integrity upon strong dilution in body.[@b26-ijn-11-1687],[@b32-ijn-11-1687]

Apart from the native, very poor aqueous solubility of Brb, another major concern is its extremely limited oral BA, because of strong intestinal Pgp counterefflux. Furthermore, Brb is rapidly cleared from blood circulation (plasma *t*~1/2~α =6--15 minutes, following IV administration), as a result of extensive liver metabolism combined with efficient renal clearance.[@b4-ijn-11-1687],[@b12-ijn-11-1687],[@b14-ijn-11-1687],[@b17-ijn-11-1687] Clinical PK simulation can help us realize the positive impact of mMic encapsulation of Brb on its plasma concentration--time curves ([Figure 4](#f4-ijn-11-1687){ref-type="fig"}), which can be better delineated based on the potential route of drug administration.[@b38-ijn-11-1687],[@b39-ijn-11-1687] [Figure 4A](#f4-ijn-11-1687){ref-type="fig"} represents the linear simulated profile of Brb-micelles following a single oral-dose administration (at either 100 or 300 mg/kg) in human subjects, which is compared to the only reported clinical PK profile of an oral dose of 300 mg/kg of free Brb solution (Brb-sol).[@b40-ijn-11-1687] The same PK model input parameters (single-compartment model with first-order absorption and elimination) were applied for our TPGS-mixed micellar carriers of Brb, except for calculated oral BA. Based on the well-established intestinal absorption enhancement effect of TPGS molecules present in our mMic system, \~3- to-5-fold improvement in their oral BA of Brb can be predicted because of the significant intestinal Pgp-impairment action of TPGS.[@b22-ijn-11-1687],[@b31-ijn-11-1687] Hence, a maximum plasma concentration (*C*~max~) of 1.2257 mg/kg can be projected for Brb-mMic (estimated oral BA =15%), compared to only *C*~max~ =0.3977 mg/L obtained for the same 300 mg/kg dose of free Brb (reported oral BA =5%). Therefore, effective oral doses of Brb-mMic can be quite lower than those of free drug, as illustrated in [Figure 4A](#f4-ijn-11-1687){ref-type="fig"}, where an example of 100 mg/kg oral dose of Brb-Mic would be predicted to yield the same *C*~max~ as that reported for three times larger dose of free Brb solution.

In another similar simulation scenario utilizing clinical PK data of single IV bolus administration of free Brb solution, reported only in healthy canine model,[@b4-ijn-11-1687],[@b19-ijn-11-1687] absolute BA (100%) of the drug was then applied ([Figure 4B](#f4-ijn-11-1687){ref-type="fig"}). As demonstrated, the AUC~0--∞~ attained after a single 100 mg/kg bolus IV dose of Brb-sol was 1.979 mg/h/L, which displayed a very short plasma half-life, *t*~1/2~=0.15 hours. In contrast, simulated PK profile of Brb loaded in PEGylated mMic carriers, with an estimated midrange plasma *t*~1/2~=6 hours (reported in vivo *t*~1/2~ of 4--10 hours of similar micelle carriers),[@b23-ijn-11-1687],[@b24-ijn-11-1687],[@b43-ijn-11-1687] achieved a projected AUC~0--∞~=69.308 mg/h/L, \~37-fold higher compared to free drug injection. For comparison purposes, a simulated 40-fold lower IV dose of Brb-mMic (2.5 mg/kg) was projected to attain AUC~0--∞~ value of 1.7754 mg/h/L, very close to that of the originally high dose of free drug. This simply revealed one immense advantage of mMic for Brb, to potentially reduce the effective injected dose of the drug dramatically (\>35-fold), while significantly increasing its plasma half-life and thus enhancing the clinical potential of Brb-mMic, owing to possibly less-frequent dosing regimen.[@b1-ijn-11-1687],[@b3-ijn-11-1687],[@b23-ijn-11-1687]

In vitro verification of the strong potential of the mMic system for oral delivery of Brb (an excellent substrate of intestinal Pgp, which severely limits its oral BA) is shown in [Figure 4C](#f4-ijn-11-1687){ref-type="fig"}. Indicative of Pgp activity in cultured human Caco2 colorectal cells, a significantly higher accumulation of Brb was observed in cells treated with verapamil hydrochloride versus nontreated cells, evidently owing to the inhibition of Pgp efflux by verapamil. Nevertheless, when Caco2 cells were incubated with Brb encapsulated into PEG-PE/vitamin E TPGS-mMic, the treatment with verapamil did not influence the drug accumulation in model colonic cell culture. Similar to earlier reports of TPGS-containing micelles, this can be attributed to the strong inhibition of Pgp by TPGS, as well as the ability of Brb-mMic to bypass the drug efflux by Pgp.[@b22-ijn-11-1687],[@b26-ijn-11-1687],[@b33-ijn-11-1687],[@b34-ijn-11-1687] This additional property of TPGS-mMic essentially eliminates the need for coadministration of Pgp inhibitors, which would be very important for the development of such prototype micellar platform of Brb, especially for oral administration.

Furthermore, the biocompatibility of our proof-of-concept mMic formulation of Brb in the presence of red blood cells (RBCs) was examined by simple hemolysis assay. As shown in [Figure 4D](#f4-ijn-11-1687){ref-type="fig"}, free Brb in solution caused a marginal increase in hemolysis compared to empty mMic vehicle, as well as Brb encapsulated in mMic, when compared to the negative control. Clearly, the developed mMic platform, alone or encapsulating Brb, demonstrated excellent hemocompatibiltiy, which is a requisite for potential IV administration of the drug.

Uptake and cytotoxicity of Brb-mMic in prostate cancer cell and spheroid models, mediated via enhanced proapoptotic activity
----------------------------------------------------------------------------------------------------------------------------

The concentration-dependent cytotoxicity against two human cancer cell spheroid models, PC3 and LNPaC, was investigated ([Figures 5](#f5-ijn-11-1687){ref-type="fig"} and [6](#f6-ijn-11-1687){ref-type="fig"}, respectively) to evaluate the effects of mMic nanocarrier encapsulation of Brb on its anticancer pharmacological activity versus Brb controls. In all studied cell spheroids, Brb in PEG-PE/vitamin E TPGS-mMic demonstrated significantly superior concentration-dependent cytotoxicity profiles, compared to those of the free drug and nonencapsulated drug controls ([Figures 5A](#f5-ijn-11-1687){ref-type="fig"} and [6A](#f6-ijn-11-1687){ref-type="fig"}), starting at Brb concentrations ≤0.5 μM. The cytotoxicity "cross-section" ([Figures 5B](#f5-ijn-11-1687){ref-type="fig"} and [6B](#f6-ijn-11-1687){ref-type="fig"}), at Brb concentrations of 5 μM, reveals that Brb-mMic resulted in 2.5--3 times higher cancer cell kill than unencapsulated drug, while empty mMic vehicles showed marginal activity. For instance, after 48 hours, the Brb-mMic formulation killed \>60% of PC3 cells, while the best Brb-containing treatments (free Brb solution) killed only \~20% of cancer cells. As the biological properties of Brb remain the same, such enhanced cytotoxic effect obtained with TPGS-mixed nanocarriers of Brb is evidently attributed to better drug solubilization inside micelles. At the same time, this marked increase in spheroid cell killing can be further explained by the known ability of PEG-PE-based micellar nanocarriers to penetrate into the cancer spheroid mass due to their small size, as reported in previous studies.[@b41-ijn-11-1687],[@b42-ijn-11-1687] The half-maximal inhibitory concentration values for various formulation toward PC3 cell spheroids were calculated as 87±11.3 μM for free Brb (extrapolated) and only 4.86±0.28 μM for Brb-loaded PEG-PE/TPGS-mMic ([Figure 5A](#f5-ijn-11-1687){ref-type="fig"}). In LNPaC spheroids, these values were 107±16.5 μM for free Brb (extrapolated) and only 6.4±0.63 μM for Brb-mMic ([Figure 6A](#f6-ijn-11-1687){ref-type="fig"}). There was virtually no difference in cytotoxicity between the two treatments containing free Brb solution and extemporaneous/simple mixture of Brb + mMic.

Moreover, fluorescent tracking of Brb formulation binding and uptake by human PC3 cells ([Figure 7A--E](#f7-ijn-11-1687){ref-type="fig"}) clearly demonstrated higher cell-associated fluorescence in case of Brb-loaded mMic treatment ([Figure 7D](#f7-ijn-11-1687){ref-type="fig"}), compared to unincorporated Brb controls ([Figure 7B and C](#f7-ijn-11-1687){ref-type="fig"}). As noted in earlier reports, such enhanced intracellular uptake of drug-containing micelles by the cells (quantitatively evident in case of Brb-mMic after 2--4 hours, [Figure 7E](#f7-ijn-11-1687){ref-type="fig"}) -- mostly mediated by endocytosis -- generally results from multiple drug molecules entering cells with each internalized micelle, in comparison to slow diffusion of single drug molecules.[@b23-ijn-11-1687],[@b27-ijn-11-1687],[@b34-ijn-11-1687],[@b42-ijn-11-1687] Collectively, such in vitro enhancements observed for nanocarrier-facilitated Brb solubilization, spheroid penetration, and cell uptake -- in our mMic formulation -- seem to have strongly supported a greater increase in the anticancer efficacy of the drug, up to 18-fold higher than equivalent quantities of the free Brb.

Along with our cell-uptake analysis, the intracellular apoptosis induction markers were examined to better elucidate the multiple combined roles involved in mediating such distinctive anticancer efficacy of Brb, noted with its mMic encapsulation ([Figure 8](#f8-ijn-11-1687){ref-type="fig"}). Marked increase in the levels of major executioner caspases, caspase-3 and -7, in PC3 and LNPaC cells (illustrated in [Figure 8A and B](#f8-ijn-11-1687){ref-type="fig"}, respectively),[@b29-ijn-11-1687] directly implicate strong apoptosis induction with nanoencapsulated Brb-mMic as a major underlying antineoplastic mechanism.[@b25-ijn-11-1687],[@b26-ijn-11-1687],[@b32-ijn-11-1687] The efficient cellular delivery of Brb, via TPGS-mMics, seems to have triggered apoptotic death machinery in both cancer models, potentially with the involvement of mitochondrial depolarization, as emphasized previously.[@b10-ijn-11-1687],[@b11-ijn-11-1687],[@b29-ijn-11-1687],[@b35-ijn-11-1687] In fact, analogous to the apoptosis assay positive control, CCCP, the Brb-mMic treatment was also associated with maximum elevation of influential caspase proteins, caspase-3 and -7, which are commonly recognized as the chief effector caspases involved in driving the different pathways of apoptosis in tumors.

Conclusion
==========

Despite significant solubility, PK, and pharmacodynamic limitations, Brb can not only augment the efficacy of antineoplastic chemotherapy and radiotherapy but also exhibits substantial antiproliferative and proapoptotic activities for cancer treatment in a variety of human tumors. To exploit the great clinical potential of Brb in cancer therapy, stealth micelles comprising a mixture of vitamin E TPGS and PEG~2000~-DSPE lipid conjugates were used for efficient solubilization of this poorly soluble active alkaloid to potentially improve systemic PK profiles of Brb.

Moreover, the current work clearly demonstrates that such an mMic platform resulted in remarkable enhancement of the proapoptotic action and overall anticancer efficacy of Brb, against various in vitro models of prostate cancers. Altogether, our data strongly suggest TPGS-mixed phospholipid micelles as an effective pharmaceutical system for Brb and warrants further development of these Brb nanocarriers for antitumor drug studies.
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![Schematic diagram of mixed micelle formulation of berberine illustrating the chemical structures of both mMic components, PEG-PE, and TPGS, along with that of Brb HCl.\
**Abbreviations:** PEG~2000~-DSPE, 1,2-distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-\[methoxy(polyethyleneglycol)-2000\]; Brb, berberine; TPGS, [d]{.smallcaps}-α-tocopheryl polyethylene glycol 1000 succinate; EtOH, ethanol; mMic, mixed micelle; Brb HCl, berberine hydrochloride.](ijn-11-1687Fig1){#f1-ijn-11-1687}

![Representative analysis of berberine-loaded mixed micelles.\
**Notes:** Mean (**A**) droplet size; and (**B**) interfacial electrical charge (measured as ζ-potential), of 3:1 PEG-PE:TPGS-mMic loaded with 1.92±0.15 mg/mL of Brb (n=4).\
**Abbreviations:** PEG-PE, 1,2-Distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-\[methoxy(polyethyleneglycol)-2000\]. TPGS, [d]{.smallcaps}-α-tocopheryl polyethylene glycol 1000 succinate; mMic, mixed micelle; Brb, berberine.](ijn-11-1687Fig2){#f2-ijn-11-1687}

![Temporal in vitro release assays of various berberine formulations.\
**Notes:** Utilizing different external experimental and simulated release media: (**A**) PBS, pH 7.4; (**B**) FBS, pH 7.4; (**C**) SGF, pH 1.6, and (**D**) SIF with 5 mM bile salts, pH 6.5, all studied at 37°C (n=5, mean ± SD).\
**Abbreviations:** Brb, berberine; h, hours; Sol, solution; PeGMic, pure PEG-PE micelle; mMic, mixed micelle; PBS, phosphate-buffered saline solution; FBS, fetal bovine serum; SGF, simulated gastric fluid; SIF, simulated intestinal fluid; SD, standard deviation; PEG-PE, 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-*N*-\[methoxy(polyethyleneglycol)-2000\].](ijn-11-1687Fig3){#f3-ijn-11-1687}

![Simulated pharmacokinetic profiles, colonic cell accumulation, and hemocompatibility of berberine solution and micellar formulation.\
**Notes:** Linear PK simulated at two different dose levels, administered systemically both as (**A**) human single oral administration of 300 and 100 mg; (**B**) canine IV bolus infusions of 100 and 2.5 mg. The corresponding open compartmental analysis model parameters were applied accordingly;[@b19-ijn-11-1687],[@b40-ijn-11-1687] (**C**) quantitative Caco2 cell-based assay of Pgp inhibition, showing drug accumulation in the absence (−) and in the presence (+) of 100 μM of Pgp inhibitor, verapamil hydrochloride, over 3 hours; (**D**) hemolysis test, after incubation of samples (equivalent to 10 μg/mL of berberine) with red blood cells for 3 hours, 37°C (n=3, mean ± SE).\
**Abbreviations:** Brb, berberine; h, hours; mMic, mixed micelle; PK, photokinetic; IV, intravenous; Pgp, P-glycoprotein; SE, standard error.](ijn-11-1687Fig4){#f4-ijn-11-1687}

![Concentration- and time-dependent cytotoxicity assays in PC3 spheroids.\
**Notes:** Microplate-based CellTiter Fluor^®^ assay of formed spheroid culture of human prostate adenocarcinoma cells, PC3, measured (**A**) at Brb-equivalent concentration range of 0.15--20 μM, or (**B**) at "cross-section" concentration of 5 μM, after incubation for 48 hours, at 37°C, 5% CO~2~ conditions (n=4--5, mean ± SE).\
**Abbreviations:** Brb, berberine; mMic, mixed micelle; SE, standard error.](ijn-11-1687Fig5){#f5-ijn-11-1687}

![Concentration- and time-dependent cytotoxicity assays in LNPaC spheroids.\
**Notes:** Microplate-based CellTiter Fluor^®^ assay of formed spheroid culture of human prostate carcinoma cells, LNPaC, measured (**A**) at Brb-equivalent concentration range of 0.15--20 μM, or (**B**) at "cross-section" concentration of 5 μM, after incubation for 48 hours, at 37°C, 5% CO~2~ conditions (n=4--5, mean ± SE).\
**Abbreviations:** Brb, berberine; mMic, mixed micelle; SE, standard error.](ijn-11-1687Fig6){#f6-ijn-11-1687}

![Evaluation of interaction with prostate cancer cell cultures.\
**Notes:** Epifluorescence microscopy of PC3 cell monolayers, following 4 hours of treatment with various Brb formulations: (**A**) blank mMic vehicle control, (**B**) free Brb solution, (**C**) simple mix of free Brb solution + blank mMic, (**D**) Brb-loaded mMic, all at 37°C, 5% CO~2~ conditions; in addition to (**E**) temporal analysis of LNPaC spheroid-associated fluorescence, measured 4 hours of coincubation (n=4, mean ± SE values denoted with unlike symbols (\*, †, and \#) are statistically different, *P*≤0.05).\
**Abbreviations:** Brb, berberine; h, hours; mMic, mixed micelle.](ijn-11-1687Fig7){#f7-ijn-11-1687}

![Apoptosis caspase-3/7 assay.\
**Notes:** Microplate-based fluorimetric caspase 3/7 activation assay, in human prostate (**A**) adenocarcinoma, PC3; and (**B**) metastatic carcinoma, LNPaC, tissue cultures, measured after 24 hours of treatment with various samples, at Brb-equivalent concentration of 20 μM, at 37°C, 5% CO~2~ conditions. (n=5, mean ± SD values denoted with unlike symbols (\*, †, ‡, and \#) are statistically different, *P*≤0.05).\
**Abbreviations:** Brb, berberine; mMic, mixed micelle; SD, standard deviation.](ijn-11-1687Fig8){#f8-ijn-11-1687}

###### 

Physicochemical properties, plus physical and chemical stability of different berberine micellar preparations

  Formulation (lipid phase, M)   Brb loading (mg/mL)   Particle size (nm), D~0~   PDI     Zeta potential ζ (mV)   Particle size (nm), D~60~   EE% of Brb, D~60~
  ------------------------------ --------------------- -------------------------- ------- ----------------------- --------------------------- -------------------
  PEG~2000~-DSPE                 Empty                 14.5±1.2^\*^               0.271   −25±1.2                 15.8±1.4^\*^                N/A
                                 1.23±0.11^\*^         18.6±1.7^†^                0.314   −23.7±1.5               21.3±2.1^†^                 67.9±7.2^\*^
  3:1 PEG-DSPE:TPGS              Empty                 19.8±2.0^†^                0.296   −26.2±1.3               22.5±1.9^†^                 N/A
                                 1.92±0.15^†^          24.1±1.8^‡^                0.320   −23.5±0.9               26.3±1.8^‡^                 95.7±3.6^†^

**Notes:** n=3--4, mean ± SD values denoted with unlike symbols (\*, †, and ‡) are statistically different, *P*≤0.05.

**Abbreviations:** Brb, berberine; PDI, polydispersity index; EE%, encapsulation efficiency; PEG, polyethylene glycol; DSPE, 1,2-distearoyl-*sn*-glycero-3-phosphoethanolamine; TPGS, [d]{.smallcaps}-α-tocopheryl polyethylene glycol 1000 succinate; SD, standard deviation.
